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ABSTRACT
The results of this project confirmed earlier work which found that furnish characteristics
have a strong influence on the retention of compressive strength of corrugating mediums
during converting. Unlike the previous work which found that OCC showed the highest
ratio, the results of this work showed that OCC lost the most strength. These differences
could be explained by differences in elastic properties of the pre-corrugated sheets. The
converting strength ratio, the ratio of fluted edge crush to CD ring crush, increases with
increasing elastic modulus of the entering papers and with steam addition. Corrugator
speed has a weak positive effect on strength ratio. As the elastic modulus increases, the
converting ratio approaches 1.3 to 1.4 which is comparable to the values of 1.6 obtained
from the CCT test. This indicates that there is a theoretical upper limit to the strength
ratio in the neighborhood of 1.6 to 1.7 which is related to the stabilizing effect of the flute
geometry. The converting strength ratio is then reduced from this upper limit through
debonding. Strength ratio was reduced from 0.3 to 1.1 under the conditions of this trial.
Strength loss is reduced by increasing out-of-plane (ZD) modulus, an effect observed
earlier by Whitsitt. This indicates that strength loss is at least partially related to
compression of the sheet. Since steam addition is known to decrease modulus which
counteracts the effect of higher entering sheet modulus, we can only speculate that the
effect of steam is to make the sheet more compliant in the flutes while the entering
modulus levels are indicative of sheet toughness. Lubrication had no statistically
significant effect on strength ratio. Although sheet hygroexpansivity in the machine
direction were statistically significant, values were obtained on only a portion of the




The fluting process reduces both the MD and CD compressive and tensile strength of
corrugating medium resulting in a reduction in both flat crush and combined board ECT.
Whitsitt and Sprague (1,2) using short span STFI methods found that MD compressive
strength is reduced by 40 % while CD compressive strength is reduced by about 20 %.
The short span test permitted the strength to be determined at 9 MD positions over each
selected flute from one bonded tip to the next. Strength loss was greatest near the flute
tips. Losses were attributed to debonding or delamination between fibers which tends
to increase with increasing bending stresses. Bending stresses increase with increasing
elastic stiffness of the medium and with increasing strain during fluting. Stiffness would
be expected to increase with lower temperature and lower moisture conditions. Stiffness
is generally defined as the product of the elastic modulus and sheet thickness. Higher
speed is also likely to increase the maximum stresses during fluting. Strains tend to vary
mainly as a result of changes in flute geometry and sheet caliper. Thus flute forming
losses are expected to depend on factors which influence both the stiffness of the sheets
and the strains occurring within the flutes.
Subsequent work (2) focused on methods to minimize strength losses during fluting.
Two approaches were evaluated. The first approach attempted to make more effective
use of preconditions heat and the second approach used steam to alter the properties
of the base medium. Correlation of IPST data from this study showed that retention of
compressive strength, RR, is related to the transverse elastic modulus, E=, the MD elastic
modulus, E., the basis weight (W), density, p, and inversely to the radius of curvature of
the fluting rolls, R.
( R)( E)=) p(1)
RR is defined as the ratio of the compressive strength after fluting to that before fluting.
The compressive strength after fluting was based on the STFI compression test after
flattening the flutes.
Both the density and the elastic moduli in the formula depend strongly on bonding. RR
is reduced by increasing transverse modulus and by increasing sheet density at a fixed
basis weight (i.e. by reducing caliper). Strength losses are also reduced by reduced
basis weight. The ratio of the two moduli should be relatively independent of fiber
modulus and should depend only on bonding and factors such as fiber orientation and
wet stretch (i.e. polar angle).
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Densification of the experimental formette handsheets through various pressing levels led
to increased specific modulus in each of the sheet directions. Specific modulus, defined
as modulus divided by density, is assumed to be a good measure of bonding levels in
bonding within the sheet. The transverse modulus was a stronger function of
densification than the in-plane moduli. The transverse specific modulus increased by a
factor of 3 as sheet density increased by a factor of 2 while the in-plane moduli increased
by about 40 % over the same range. This dramatic response of the transverse modulus
correlated with increased ECT, flat crush, CD STFI and geometric mean STFI and tensile
index.
Air porosity decreased significantly with increasing density. However, this did not
necessarily result in reduced bonding, reduced runnability or increased high/lows.
Although the results were promising, they did not necessarily show that similar results
could be obtained on commercial equipment. These results did not indicate that different
furnishes may convert differently although the correlation in Eq.1 indicates that furnishes
which result in lower ratios of EJ E, should lose less strength during fluting. However,
the methods for measuring these moduli and for averaging them over the flutes were not
clearly defined. The relationship in Eq. 1 does show that more compressible sheets with
lower ZD stiffness should experience greater strength loss. Eq. 1 does not contain a term
for the CD modulus which would be expected for a CD mode of failure.
Relationships between the elastic properties of paper are discussed in more detail in
APPENDIX A.
A subsequent project on singlefacer green bond strength, 2696-25,(3), identified
significant differences between medium furnish types (i.e. green liquor, NSSC, caustic
carbonate and OCC) in terms of the observed edge crush versus that predicted from the
ring crush or STFI components of the ECT equation. Flat Crush and Concora showed
no such furnish influence. OCC had the highest ratio with values near 1.1 while green
liquor mediums had the lowest ratio (0.95 to 0.97) with NSSC and Caustic Carbonate in
between. The furnish types were compared on the ratio of the observed ECT to the ECT
predicted from the combined board equation based on the measured values of either ring
crush or STFI as input variables. Because the liner contribution was constant, the
observed differences were attributed to differences in the contribution of the mediums.
Since the numerator in the ratio was based on the STFI or ring crush before corrugating,
the change in ECT in each case was due to fluting losses. This indicated that medium
fluting losses were different for different types of furnishes. However, the analytical
techniques used were not specific to corrugating medium and it was difficult to determine
from the data the causes of the apparent furnish effects.
Analysis of the data base generated during this project indicated that the converting ratio
correlated with the elastic properties of the sheet and to the corrugating conditions.
However the correlations were not highly significant. The lack of a strong relationship
was attributed to the weak dependence of the converting ratio based on ECT on the
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elastic properties of the precorrugated sheets.
The goal of project 3747 was to focus specifically on corrugating mediums from each
furnish type to determine the fundamental factors which influence strength loss during
fluting. The effect of fluting was defined in as the ratio of the fluted edge crush to the
CD ring crush or CD STFI compressive strength. The fluted edge crush is an infrequently
used Tappi method (T 824 pm-84) in which a test specimen is cut from a fluted medium
separated from the liners and crushed in a stiffness and column compression tester
designed to conform to the flute design of the corrugated medium. The sample length
is 6 inches for both the ring crush and FEC measurement. Thus the ratio of the FEC to
CD ring crush measurement should indicate the relative effect of fluting strength loss.
The actual test used, a modified version of the standard Tappi method, is described in
Appendix B.
The concora crush test or CCT is a related test in which the crush strength is determined
on an uncorrugated medium sample held in place in a fluted tester after passing the
sample through the concora fluter. Thus CCT includes the effect of the flute geometry
in stabilizing the structure thus increasing the compressive strength (4). For 26 lb
mediums having average ring crush strength of 40 lb/6 in., typical values of CCT are 60
lb/6 in. Thus the stabilizing effect of the flute geometry is to increase the compressive
strength by over 60%. The fluted edge crush test performed on medium after fluting
should also include this stabilizing effect as well as the loss due to corrugating. This
geometrical effect should be relatively constant and independent of furnish characteristics.
However, there is no theoretical or empirical information which predicts this stabilizing
effect or the expected interactions between furnish characteristics and the stability
imparted by the flute geometry. It is also possible that sheet formation and other factors
could interact with the flute geometry.
A similar influence of geometry on the stability of the edge crush strength was seen much
earlier in a study of the so-called modified ring crush test method at IPC (1963).
In this study sponsored by the CKPG, medium samples tested on 2 inch lengths were
on average 23 % higher in compressive strength than samples of 6 in length.
OBJECTIVES
This project was undertaken to (1) confirm furnish differences in converting ratio seen
previously, (2) to determine the characteristics which distinguish each furnish and the
sensitivity of the converting strength loss to these characteristics and (3) to identify
papermaking conditions which would allow for higher converting speeds or reduce the
effects of strength losses during fluting at a fixed set of conditions.
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SCOPE
Strength after fluting is based on the fluted edge crush test, FEC, described in Appendix
B. Initial strength is based on CD ring crush. The ratio of the FEC to the CD ring crush
defines the relative strength loss due to fluting. Commercial papers and pulps were
obtained from four representative mills. Pulp samples were obtained at approximately the
same time the one foot wide roll samples were pulled from the machine. Handsheets
would be made over a wide range of densification conditions to generate the large
difference in sheet properties. Comparisons of the commercial mediums and handsheets
would indicate the influence of commercial practice on converting ratio. Handsheet
conditions were limited to refining and pressing levels. Other variables which are known




The test plan called for samples of commercial mediums for each of the four furnish
types: green liquor, GL, old corrugated containers, OCC, neutral sulfite semi-chem,
NSSC and caustic carbonate, CC from four representative mills. The commercial
mediums were not "pure" furnishes but instead contained up to 20 to 30 % OCC.
HANDSHEETS
Pulp samples from each of the pure chemical furnishes and OCC were pulled from the
high density chest before blending with OCC and shipped the same day to the Institute
where they were washed and stored in separate bags in a refrigerated unit.
Handsheets were made on the Institute Formette Dynamic at the conditions which were
intended to produce a range of bonding and density levels. Unlike the commercial
mediums, the handsheets were made from each of the "pure" furnishes without
attempting to duplicate the commercial blends. It was hoped that using pure furnishes
would also help to distinguish the furnish effects more clearly. Sheets were made at three
levels of refining and two pressing levels as shown in Table 1. Each sample was refined
to the highest freeness level from the "as-received" freeness. The low pressing level was
the same as the standard Tappi pressing conditions. Sheets were pressed for five
minutes at 50 psi and then for two minutes at 50 psi. For the high pressure condition,
sheets pressed at low pressure were pressed a second time at 50 psi for five minutes
and 100 psi for five minutes.
The "as-received" freeness of caustic carbonate samples was below 500 ml. Thus, only
two freeness levels were used for this furnish.
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Table 1. Handsheet Conditions
CORRUGATING CONDITIONS
Mediums were spliced together and fluted onto single-faced liners on the Institute
corrugator using the C-flute. A light coating of glue was applied along the border of each
sheet to hold the single-faced board together during fluting. Each single-faced board
was cut along the glue line to remove the liner prior to testing in the fluted edge crush.
The corrugated mediums were made at speeds of 500 and 800 feet/minute using
combinations of steam and wax bar as shown in Table 2a and 2b. For reasons which
are not totally clear, the handsheets did not develop as strong a glue bond as the
commercial mediums. As a result, the handsheets steam was required to successfully
corrugate the handsheets at 800 fpm. Thus, results are reported only at 500 fpm for the
handsheets. W indicates steam and B indicates wax lubrication "Bar". "N" indicates no
steam or lubrication. All combinations of speed, steam and lubrication were run on the
commercial mediums. This produced a total of 2x3x4 or 24 conditions. For the
Handsheets all combinations were run at 500 fpm and one combination was run at 800
fpm for a total of 1x3x4 + 4 = 16 conditions.
Details of the corrugator conditions can be found in
Unbonded Fluted Medium).
Appendix B (Preparation of the
BEATING 500 350 250
CSF
PRESSING 50 HI 50 HI 50 HI
FURNISH TYPE_
GL X X X X X X
CC - - x x X X
NSSC X X X X X X
OCC X X X X X X
7
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Table 2a. Corrugator Conditions - Commercial Mediums
SPEED FPM 500 ____ 33
WET/BAR N W B N '"' B
FURNISH X X X X X I X
GL X X X X v X
CC X X X XX^ I X
NSSC X X X X J X
OCC X X X X I X
Table 2b. Corrugator Conditions - Handsheets
SPEED FPM 500 33 
WET/BAR N W B N i ' B
FURNISH X X X -
GL X X X -' |
CC X X X - 1
NSSC X X X- X 
OCC X XX 
FLUTED EDGE CRUSH TEST
The fluted edge crush was determined using a modified ve.si- -~ _T~a standard test
T 824 PM 83 using a modified test jig with the 'C' flute desicne: rSza!. for this work.
The jig is available for testing through the Research Services din:s- ~ ie Irstitute. A
test procedure can be found in Appendix B. In the Tappi S-_ e-:e crush test,
samples are precut, run through the Concora to produce a, .'. .--- t_ en tested in
the test jig. In the modified test, the sample is corrugated fs: . = a- e piece is cut
and placed in the test jig. The sample is cut with a sharp razo -: - :- -. width while
being held in a specially-supported fluted rack, removed a£-: as-- r te stiffness
holder where the compression load was applied to the edges- -- .-.-.
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PHYSICAL PROPERTY TESTING
Test flow plans for the handsheets and machine papers are shown in Figures 1 and 2,
respectively. Handsheets were made with 10 to 20 replicates at each condition. A
portion of each set was then corrugated and tested for FEC and the remaining samples
were tested for ultrasonic elastic modulus, tensile strength, and hygroexpansivity.
Handsheets are made at a total of 24 papermaking conditions. Sufficient replicates were
made at each condition to provide samples for the corrugating runs and to test
separately for compressive strength, elastic and other properties. Sample sizes were
sufficient to perform at least 10 replications; tests were made for all measurements.
Handsheets and machine papers were tested for properties shown in Table 3.
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Out of Plane Moduli (ZD)
Hygroexpansivity at Two Relative Humidities
- Machine Direction
- Cross Direction
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Properties shown in Table 3 were not generated for all test conditions. Most critical data
such as the elastic properties, ring crush and fluted edge crush were determined on
essentially all 222 samples. This made it possible to model the converting strength ratio
in terms of the elastic properties. Hygroexpansivity was determined only on a subset of
the samples. Since hygroexpansivity was found to be significant in predicting
compressive strength retention, this limited the development of the most general model.
STFI and tensile strength were obtained on a subset of the samples. In addition, the lack
of data coverage at 800 fpm for the handsheets limited the range of the effect of
corrugating conditions in the model. The implications of the data coverage are
discussed in following sections on Data Modeling.
DATA SUMMARY
The data are summarized in Appendix C. Each sample was assigned an observation
number by SAS (Statistical Analysis System) which was used to tabulate, graph and
analyze the data and to develop the correlation models which are described later.
The complete set of experimental data can be found in Appendix C. The data are
grouped into two main categories by forming method, i.e. handsheets and machine
papers. Handsheets make up 174 observations or data points and machine papers
make up the remaining 48 observations, 174 through 222. Samples 210 through 216,
which were green liquor handsheets, lacked ultrasonic modulus values and were not
used in developing the model.
The data are grouped by pulp source, i.e. pulp type, as follows:
Pulp Type: cc = caustic carbonate, nssc = neutral sulfide semi chemical,
gl = green liquor and occ = old container cartons
Handsheet forming conditions, CS freeness and pressure
Corrugating Conditions: Speed, Presteaming, Lubrication (Wax)
Properties: basis weight, caliper (mils), Density
Hygroexpansivity:
MD from 47.7 to 75.5 relative humidity
MD from 75.5 to 93.4 relative humidity
CD from 47.7 to 75.5 relative humidity
CD from 75.5 to 93.4 relative humidity
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Elastic properties
MD, CD, ZD moduli, in-plane shear modulus, Poisson Ratio
Compressive strength: MD, CD Ring Crush, MD CD STFI,
Fluted Edge Crush
Ratio of FEC to CD ring crush
Predicted Ratio from Model 1
Ratio of FEC to CD STFI
Tensile Strength, MD and CD
TEA, MD and CD
DATA ANALYSIS
The data were analyzed with several objectives in mind:
1. To confirm results of previous projects which found that converting ratio differed
significantly between furnish types.
2. To develop a model or models between converting ratio and converting conditions
and furnish characteristics.
3. To improve understanding of the sensitivity of converting strength loss to converting
conditions and furnish characteristics.
4. To determine ways to improve converting efficiency through changes in papermaking
conditions.
5. To determine ways to retain strength at higher converting speeds.
The data were analyzed using SAS which includes a wide variety of built-in routines
(procedures) to perform analysis of variance and linear or nonlinear regression of the
data.
EFFECTS OF FURNISH TYPE ON COMPRESSIVE STRENGTH
Both CD and MD ring crush differed significantly for the four furnish types as shown in
Figures 3 and 4. For the machine papers containing mainly chemical furnishes, the MD
and CD ring crush averaged approximately 52 and 40 lb/6 in. respectively while the
values for the OCC papers averaged 41 and 32 lb/6 in. The ring crush for the
handsheets showed variations between all furnishes with the largest values seen with the
caustic carbonate followed by the green liquor, NSSC and then the OCC. Thus the
trends were qualitatively similar for the handsheets and the machine papers. The average
ring crush values for the OCC handsheets were 50 and 38. The differences were judged
to be significant because they were larger than the standard deviation of the ring crush
measurement.
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EFFECT OF FURNISH ON FLUTED EDGE CRUSH -AVERAGE OVER CONVERTING
CONDITIONS
The fluted edge crush also differed significantly between the furnish types. For the
machine papers, the average FEC for all corrugating conditions (Fig. 5) showed that OCC
had the lowest FEC (average of 31) and the other three furnishes had similar strength
values ranging from 40 to 46 lb/6 in. The handsheets showed a similar trend with the
caustic carbonate and green liquor showing the highest FEC values (46 and 47) and the
NSSC and the OCC showing significantly lower FEC (36 and 38) (Fig. 6). The levels are
the average over all corrugating conditions. The highest FEC values were obtained with
caustic carbonate handsheets (average of 50 lb/6 in.), while the lowest values were found
for the OCC commercial papers (average of 32 lb/6 in.).
EFFECT OF FURNISH AND CONVERTING CONDITIONS ON FLUTED EDGE CRUSH
Figures 7 and 8 show the effects of speed, steam and wax for each of the furnish types
for handsheets and machine papers respectively. The levels are rank ordered from left
to right. Each bar represents a corrugating condition (speed, steam or lubrication). The
first set of number indicates corrugating speed. The second set of symbols represents
steam application (steam or no steam) and the third set represents lubrication (wax or
no wax). Inspection indicates that steam addition has a positive effect for both
handsheets and machine papers while wax tends to have little effect or a negative effect.
Speed in some cases has a positive effect for the handsheets, while it generally has a
negative effect for the machine papers.
The only unusual samples are the caustic carbonate and NSSC machine papers. With
these the highest fluted edge crush was obtained with no steam and with lubrication.
This suggests that there are subtle effects of surface friction, speed and furnish variables
which cannot be easily detected with current methods.
EFFECT OF FURNISH AND CORRUGATING CONDITIONS ON CONVERTING
STRENGTH RATIO
The ratio of CD ring crush to FEC is summarized in a series of figures in which the results
are broken down to include more corrugating conditions. Figures 9 and 10 show the
ratio after averaging over all corrugating conditions for handsheets and machine papers,
respectively. In Figures 9,11, and 12 the horizontal lines through each bar are not
significant. For the machine papers, the OCC and Caustic carbonate strength retention
ratio was approximately 1 while the ratios for green liquor and NSSC are higher, 1.2 and
1.15. This indicates that the GL and NSSC retained a larger percentage of their original
strength during corrugating than the OCC and Caustic Carbonate furnishes. Trends for
the handsheets shown in Figure 9 are essentially the same for the OCC and caustic
carbonate while the NSSC lost more strength during converting (ratio of 0.88) and the
green liquor lost less (ratio of 1.01).
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Overall, there was less variation between furnishes for the handsheets than the machine
papers and the converting ratios were somewhat lower indicating that the handsheets lost
more strength during converting than the machine papers. Since the handsheets were
not run at the higher corrugator speed (800 gpm), overall they performed more poorly
than the machine papers. The smaller variation between the furnish types for the
handsheets is somewhat surprising considering the deliberate attempt to form
handsheets with a wide range of properties and the larger variation in ring crush.
The effects of presteaming and pulp type on converting ratios are shown in Figures 11
and 12. Generally steam has a beneficial effect. The ratio increases up to 10 % with the
addition of steam. The effect of steam appears to be somewhat larger for the handsheets
(Fig. 11) than for the machine papers (Fig. 12). The average handsheet converting ratios
with steam approach those for the machine papers without steam.
Figures 13 and 14 show the effects of speed, steam and lubrication (wax) on the
converting ratio for handsheets and machine papers respectively. The ratios are sorted
and displayed in increasing order for each furnish type. In general the highest ratios are
obtained at the lower speed and with steam addition while the effect of lubrication is
mixed. The effects are not the same for each furnish and are therefore difficult to
generalize. The effects of corrugating conditions for all types of furnishes and papers are
summarized and discussed in more detail in the following sections. As with the FEC, the
two exceptions to the effect of steam on converting ratio are seen with the CC and NSSC
machine papers. This is expected, of course, since the ring crush values are the same
and simply normalize each set of values while having no effect on the influence of
corrugating conditions.
EFFECT OF ELASTIC PROPERTIES ON CONVERTING RATIO
Previous work by CKPG and fundamental studies have shown that elastic properties play
an important role in both compressive strength as well as strength after converting.
Therefore, one of the objectives of this project was to determine if the furnish effects seen
previously could be related to differences in elastic properties of the pre-converted
mediums. In general the results confirmed previous work which showed a significant
effect of elastic properties, measured ultrasonically at IPST, on both compressive strength
and converting ratio.
CD Modulus
The effect of CD modulus on converting ratio for all samples is shown in Figure 15. The
trend plot shows that converting ratio tends to increase as the CD or cross direction
modulus of the entering sheet increases. The results are grouped by combinations of
pulp type and paper type (handsheet and machine paper). Values for the OCC machine
paper data were not included in the plots. The variations shown include all handsheet
and corrugating conditions. The trend is for the ratio to spread out or show a larger
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variation at increasing levels of CD modulus. The machine paper data tend to fall within
the range of the handsheet data indicating that these are not separate categories. CD
modulus was shown to be a significant factor in ring crush.
Figures 16 through 19 show effect of CD modulus on converting ratio for each pulp type.
The effect is quite strong for NSSC and green liquor and somewhat weaker for OCC and
caustic carbonate. The variation in CD modulus for the NSSC and green liquor is also
larger than seen for the OCC and caustic carbonate. A regression line and 95%
confidence limits are shown for each plot. Variations in converting ratio at each level of
CD modulus are due to converting conditions.
CD Specific Modulus
The effect of CD specific modulus, defined as the CD elastic modulus divided by the
sheet density, on converting ratio is shown in Figure 20. As with the modulus, the effect
is approximately linear and increasing with increasing specific modulus. The specific
modulus is thought to be a good measure of bonding levels in the sheet. By dividing out
the effect of sheet density, the specific modulus has units of velocity squared and is
thought to be related to the fiber modulus or to the bonding level in the sheet. The range
is significant with the NSSC handsheets having the lowest CD specific modulus values
and the caustic carbonate handsheets having the highest values.
ZD Modulus
The effect of ZD or out-of-plane elastic modulus on converting ratio is similar as shown
in Figure 21. The OCC data are not shown. The trends show that the converting ratio
increases with increasing ZD modulus although a maximum in the plot may occur at 0.15
GPa. Out-of-plane modulus is a measure of compressibility and compressive stiffness.
A higher ZD modulus indicates a lower compressibility. Previous work has shown that
strength losses are reduced as the sheet becomes progressively less compressible.
Figure 22 shows the variation in ZD modulus for the NSSC furnish. The trend is quite
strong, however, the trends for the other furnishes are not as obvious or the data
coverage is quite sparse.
Shear Modulus
The effect of in-plane shear modulus shown in Figure 23 indicates that the effect of shear
modulus is weaker than that of in-plane CD tensile modulus although it is significant and
the effect tends to level out at higher shear stiffness levels. Converting and fluting
operations generate stresses in both compression, tension and shear. These in turn
induce strains in the sheet which may rupture bonds leading to a reduction in elastic
stiffness and a reduced ability to withstand edgewise compression.
Figures 24 through 27 show the effect of shear modulus for each furnish. Again, the
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NSSC and green liquor have similar values and ranges and the trends are stronger, while
the ranges for the caustic carbonate and OCC are smaller and the trends weaker. The
OCC shows the smallest range but a much larger sensitivity than the caustic carbonate.
All but the green liquor furnish show a maximum of around 1.2 or 1.3 GPa for all
furnishes. This indicates that the model should include a quadratic in this variable.
EFFECTS OF REFINING (BEATING) AND PRESSING ON HANDSHEET PROPERTIES
nrncitv
The effects of refining and pressing on handsheet density for the four furnish types are
shown in Figure 28. The OCC produced the highest density sheets for all levels of
refining and pressing. The other furnishes fell into a similar range of density values. As
expected, the highest density sheets were obtained at the highest pressure and highest
refinining level (lowest freeness). Freeness values ranged from 500 to 250 ml. Densities
ranged from a low of about 0.33 g/cc for the NSSC at the low or high pressure and high
freeness to 0.572 for the OCC at 250 ml and 100 psi pressure.
Since it is well known that densification is a strong indicator of bonding and therefore
strength and elastic stiffness, the experimental conditions were successful in generating
handsheets with a significant range in density and bonding levels.
Tensile Strength
The effects of refining and pressing on handsheet tensile strength are shown in Figure
29. The effects are similar in that the OCC handsheets have the highest tensile strength
and the other furnish types are grouped together. The highest strength is consistent with
the highest density.
CD Modulus
Figure 30 shows the same trends for the CD elastic modulus. Again, the OCC achieved
the highest CD modulus values, and the highest modulus was obtained at the highest
refining level and highest pressure. There was more differentiation between the furnishes
at the highest bonding conditions with the caustic carbonate followed by the green liquor
and then the NSSC.
ZD Modulus
The effects of refining and pressing on ZD modulus for three furnishes are shown in
Figure 31. Refining and pressing increase ZD modulus in most cases. The pattern is
essentially consistent with the densification of the sheet. However, at the lowest freeness,





Although hygroexpansivity was found to play a significant role in converting efficiency,
scatter plots of the data did not show any apparent trend. The effects are probably
obscured by those of the other variables and the apparent correlation between
hygroexpansivity and elastic properties.
OTHER PAPERMAKING FACTORS
Other papermaking factors which play a role are formation and orientation angle. Neither
of these variables were deliberately varied in the experiments. The orientation angle is
made up of two components related to average fiber orientation and built-in stresses in
the sheet. These then account for the orientation ellipse. Formation and orientation were
not evaluated in this project. However, improved formation in the machine papers could
have accounted for the generally higher performance compared to the handsheets. The
MD/CD tensile and elastic ratios in the machine papers and handsheets indicated that the
fiber orientation and built-in stresses were relatively uniform between samples.
The maximum and minimum converting ratios found in the data base were formed under
conditions shown in Table 4.
Table 4. Maximum and Minimum Converting Ratios Observed
Property Maximum Minimum
Converting Ratio 1.33 0.55
Density 0.696 0.399
MD Modulus GPA 6.4 3.39
CD Modulus GPA 2.87 0.96
ZD Modulus 0.151 0.052
Shear Modulus 1.64 0.62
Poisson Ratio 0.33 0.49
Fluted Edge Crush 50.51 16.3
CD Ring Crush 37.9 29.3
CD STFI 14.61
Converting Speed 500 500
Steam yes no steam
Lubrication no wax applied
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Judging by the overall range of the data, these two points indicate qualitatively that higher
moduli tend to reduce strength loss in fluting. Higher entering moduli also lead to higher
ring crush. Steam also reduces converting losses and lubrication has little effect or
possibly a negative effect.
CROSS CORRELATIONS BETWEEN VARIABLES
Cross correlation of the data and other information are shown in Appendix D. Cross
correlations were determined on variables which had a significant influence on converting
ratio. These were inverse of the MD, CD and ZD elastic moduli; inverse of MD specific
modulus; inverse in-plane shear modulus and in-plane Poisson ratio and the four
hygroexpansivities; two in the machine direction at medium to high relative humidities,
HYGMDM and HYGMDH; and two in the cross-direction at medium to high relative
humidities, HYGCDM, HYGCDH. The modulus variables were replaced by the inverse
when the trends showed that the effect of modulus tends to diminish at higher values.
The model fit was improved by using the inverse of each of the modulus variables.
A cross correlation analysis was performed on the variables in the model to determine
the degree of independence or interdependence of the variables in the model. It is
obvious that some variables such as corrugator speed and steam usage are truly
independent. However, most other variables such as sheet density and elastic properties
depend on furnish and papermaking conditions. For the handsheet samples it would
have been possible to reduce the set of variables to include CS freeness and pressure.
However, this simplification could not be used for the machine papers. Since one of the
goals was to develop a model on the combined machine paper and handsheet data, it
was not possible to add fundamental variables such as pressure and CSF to the model.
It was judged not to be particularly useful to develop models for sheet density and
modulus in terms of CSF and pressure because the furnish effects also appeared to be
very significant. In particular, the data showed that the OCC handsheets developed
significantly higher density and elastic modulus than the other furnish types.
The cross correlation analysis showed significant correlations between in-plane inverse
moduli (IEX = 1/Ex and IEY = 1/E,). This is expected, due to the relatively reproducible
fiber orientation angle in the sheets. The highest correlation between the MD inverse
modulus was with the inverse in-plane shear modulus (0.88). The lowest, with the
exception of the CD expansivities, was with the inverse MD specific modulus. This rather
surprising result is probably due to the factor for density in the specific modulus. Out-of-
plane modulus (1/E, = IEZ) also correlated with in-plane moduli. This is also expected
based on modeling of other ultrasonic modulus data. The highest correlation was with
the inverse specific modulus (p/E, = IR1). This is also probably due to the strong
dependent of ZD modulus on sheet density. The in-plane Poisson ratio (G21) correlated
most strongly with the inverse CD modulus (IEY) (0.612). MD hygroexpansivities
correlated most strongly (0.32) with MD modulus. CD hygroexpansivities correlated
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negatively with ZD modulus (-0.37).
The results of the cross-correlation analysis can be found in Appendix D. For each
variable pair, the correlation coefficient is shown as the first number in the matrix. The
second is the probability that the correlation is significant (a low number indicates a high
correlation) and the third is the number of observations (data points) available for this
correlation. The values along the diagonal represent the auto-correlation and are
therefore one for each variable. The off-diagonal values give the correlation between
different variables in the data base. Only the "independent" variables considered in the
model were correlated by this method.
CONVERTING RATIO MODEL
A regression model was developed for the converting ratio in terms of independent or
nearly independent variables; Regression of the data quickly showed that the furnish
type was significant. However, the furnish type does not provide much information on
the characteristics which may influence converting strength. It also can lead to the
misleading impression that one type of furnish loses less strength than another when the
reverse may occur in another situation. It was possible to predict the converting
efficiency (ratio) using the elastic properties rather than using the furnish type without a
significant loss in accuracy. Converting conditions such as speed and steam addition are
also expected to be important. The effects of these conditions should be interactive with
the elastic properties.
Model development employed a multi-step procedure beginning with scatter plots of
converting ratio against process variables or elastic properties. Stepwise regression was
used to select the most important variables. Various combinations of the variables were
entered into the selection process including linear terms, product terms and squared
terms. However, it was not possible for the system to test all possible forms or
combinations of the variables. A first principles model was not available to provide any
guidance in selecting the forms of the variables. After selecting the "best forms" of the
variables and the minimum set of variables, model coefficients were determined by
standard regression techniques using SAS (Statisitcal Analysis System.)
The model was developed in terms of the inverse of the elastic constants, an interaction
between corrugator speed and shear modulus and an interaction between inverse
modulus and steam. Neither steam alone nor speed alone were significant. Interactions
between speed and steam and sheet elastic properties are expected based on intuition
and first principles. The inverse terms were used because the converting ratio appears
to approach an upper limit as the elastic stiffness or modulus increases. The intercept
in the model was 1.35. The maximum converting ratio seen in the data was 1.33 for a
machine paper from a green liquor furnish. Higher ratios are possible for the modified
crush test when the sample is deformed in the concora tester, which results in very little
delamination.
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The regression equation is given by,
CVR = 13 - 0.385 0.220+0.365p + cstea 1
Ex Ey ) (2)
6.0 X.0- 36 -0X 3 + 3 .7X0 - 4 v 12 SPEED
Ez 12
where CVR is the converting ratio defined as the ratio of FEC to CD ring crush
(dimensionless).
E- machine direction ultrasonic modulus, units of GPa (pressure)
Ey - cross direction ultrasonic modulus, units of GPa (pressure)
EF - out-of-plane ultrasonic modulus, units of GPa (pressure)
p - density
v,2 - in-plane Poisson Ratio
SPEED - corrugator speed fpm
C has a value of 0.1065 when steam is not used, and 0 when steam is used. Thus,
steam addition improves converting ratio and increases fluted edge crush. The effect of
wax is negligible on the average. The Poisson ratio is the ratio of strain induced in the
sheet in one direction by a strain in a perpendicular direction.
All these variables are generated from just two ultrasonic tests-one for in-plane ultra
sound elastic properties and the second for out-of-plane ultrasound properties. Both
tests require the basis weight of the sheet. Caliper and density are also determined
through the test procedure.
MODEL STATISTICS
The model statistics are summarized in Appendix E. It also contains a listing of the 203
sample values, the data values and the residuals. Only 203 of the 222 samples could be
used because about 20 samples were missing one or more elastic property value.
Variable T1 is the name given to the ratio of FEC to ring crush in the correlation
procedure. A scatter plot of the predicted against measured values is shown in Figure
20. The machine paper data and handsheet data fall on the same line. The range in the
model predictions is smaller than the data indicating that not all the observed variability
can be measured or explained by the experimental variables. The 95% confidence limits
are shown around the regression line through the data.
Hygroexpansivity in the MD direction at the medium and high relative humidity ranges
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was found to be significant. However, since hygroexpansivity was available on lyon 103
samples, any model containing these terms would have been based on fewer samples.
Also the addition of these terms changed the signs of the other terms in the model
making it difficult to interpret the effects of the elastic properties. One reason for this was
the partial correlation between hygroexpansivity and the elastic properties. This also
made it difficult to recommend conditions which would reduce strength loss.
Terms were dropped from consideration when the F Value was less than one. For model
one the terms in descending order of importance (based on Type 1 sum of squares):
1. Inverse of the CD modulus
2. Inverse of the MD modulus
3. Interaction between steam and inverse CD modulus
4. Inverse of ZD modulus
5. Interactions between in-plane Poisson ratio and speed
6. Inverse of CD specific modulus (or density times inverse CD modulus)
The relative importance of the variables is proportional to the sum of squares
contributions. The first two elastic terms contribute 2 out of a total of 2.4 for the model
indicating that the first two terms are five times more important than all the other terms.
Interactions between MD and CD modulus and other elastic variables make it difficult to
define a set of truly independent variables. A more comprehensive set of independent
variables would probably include the following: polar angle, fiber orientation, machine
restraint or stretch, fiber modulus, pressing pressure(s), CS freeness or refining loads.
The overall fit to the data is 0.630 or about 2/3 of the variation of the data. Earlier
analysis of the data, which included only 88 samples gave a similar picture, but a higher
level of fit to the data (R-squared = 0.88).
The model has replaced furnish types with ultrasonic properties. However, the process
conditions which influence these ultrasonic properties are only partially understood. For
example, it is well known that increasing density tends to increase in-plane modulus and
generally to increase out-of-plane modulus. But, it is not clear in general whether shear
modulus or Poisson ratio is changed. Shear modulus should be related directly to
bonded area or specific bond strength. Density is increased by refining and pressing as
shown in this study. Other influences include species characteristics which influence fiber
flexibility. Fiber flexibility influences both densification as well as bending stiffness.
Other influences on elastic properties include fiber orientation and machine restraint. The
higher the CD orientation, the higher the CD modulus. This will influence not only MD/CD
tensile and elastic ratios but also ZD modulus and possibly shear modulus.
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IMPLICATIONS OF THE CONVERTING MODEL
Converting losses are reduced by increasing both the in-plane and out-of-plane (ZD)
modulus of the sheet. This can be done in various ways, but the most common practice
is to increase the density of the sheet. Stiffer fibers may also translate into a higher
modulus sheet. However, stiffer fibers may also bond more poorly and result in a lower
modulus rather than a higher modulus. However results reported to the CKPA by
Sprague and Whitsitt (5) show that increasing fiber modulus increased compressive
strength and sheet modulus. At the same density edgewise compressive strength was
increased linearly by changing fiber modulus through substitution of virgin pine, douglas
fir, loblolly pine, and gum. Therefore, fiber species can influence modulus through the
fiber modulus and it appears that density can be controlled as a separate variable.
Steam addition also reduces the loss and increases the ratio. Speed has a slightly
positive effect, but the contribution is not large. Although the effect of speed is not large,
it does not always reduce strength.
Another means of influencing the elastic constants and compressive strength is through
manipulation of the MD/CD ratio through polar angle, fiber orientation and machine
direction stretch or restraint. Because the CD modulus is lower than the MD modulus,
the term involving the inverse CD modulus is generally larger than the term containing the
MD modulus.
The first two terms in the model can be rewritten by substituting the MD/CD ratio and
factoring out the CD modulus
CVR = 1.35- 1 0385 0.220+0.365p + cstea
Ey MD CD )
-6 .0L 0 + 3 .710 - 4 v 1 2 SPEED
Ez
As the MD/CD ratio increases and the sheet becomes more oriented in the machine
direction, the term inside the brackets decreases and the strength loss is predicted to
decrease. The addition of steam drops the terms inside the brackets by 0.106. The
effect of steam is reduced as the modulus increases. Density enters directly in the
numerator and indicates that as density increases the loss terms also increases.
However, the modulus terms are strongly density-dependent and tend to increase faster
than linearly with density. Thus the net effect of density is probably to decrease
converting loss.
21
ZD modulus is a measure of the inverse of the compressibility of the sheet. Thus the
inverse modulus is a measure of its compressibility. As the compressibility decreases,
the strength loss also decreases. This behavior agrees with Whitsitt's observation
described previously. However, Whitsitt found that MD modulus increased fluting loss
while our data show that increasing MD modulus also tends to decrease strength loss.
CONCLUSIONS
One interpretation of the results is that strength loss during fluting is reduced by
increasing the toughness of the entering sheet. Sheet toughness is related to bonding
and to the elastic modulus of the entering sheet. A tougher sheet is more able to
withstand the stresses in the corrugator. Based on a simple stress-strain analogy, a
higher modulus sheet should sustain less deformation for a given stress; or stated the
other way, the sheet should sustain a higher stress for a given strain. Since the level of
strain in the flutes is relatively fixed, the capacity to sustain stress should increase as the
modulus increases. Thus the stresses may not exceed the limiting or debonding stresses
which would lead to strength loss.
Furnish differences were seen in both compressive strength and converting strength ratio.
Most of the furnish effects could be expressed in terms of the elastic properties of the
sheet. However, other sheet properties could also have been important, but were not
measured. Strength loss can be reduced by increasing the elastic modulus or stiffness
of the entering sheet. The most convenient way to increase the sheet stiffness is through
densification which is generally improved through increased refining or wet pressing. It
may also be possible to reduce strength loss through manipulation of sheet elastic or
strength ratio by means of fiber orientation and/or machine restraint (both MD and CD).
A third option is to change the fiber modulus through changes in species, fiber source
or possibly refining or chemical treatment.
Formation may also play a role but this could not be directly measured in this trial.
Differences between handsheet and machine paper data were not significant and tended
to fall into a single group. Overall converting efficiencies for handsheets were somewhat
lower than those for machine papers but these differences could be explained mainly
through differences in elastic properties. For some elastic properties such as Poisson
ratio it is difficult to interpret the effect on converting efficiency. The elastic properties
correlate with each other to some extent and thus may not be completely independent.
Thus there is no unique set of elastic properties which can be used to describe the
strength loss. This makes it difficult to recommend a single set of conditions.
However, generally conditions which produced higher in-plane modulus also result in
higher out-of-plane modulus. Thus most, or all, of the terms in the models tend to
decrease resulting in higher converting ratio. The ratio is generally greater than one due
to the stabilizing effect of the flute geometry. There is some evidence from the modified
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ring compression test that the maximum ratio is in the neighborhood of 1.7. The
converting ratio drops from the maximum due to debonding and other damage effects
during fluting.
Hygroexpansivity also plays a significant role. This variable could affect the built-in
stresses in the sheet during fluting through interactions with presteaming. However,
these variables could not be entered into the model without affecting the other terms.
Both machine papers and handsheet samples were included in the model development
and their effects appear to be consistent. In this set of data the OCC densities more
easily than the chemical furnishes. This resulted in a higher elastic modulus for the OCC
handsheets and a higher converting ratio than seen previously with the machine papers
made from OCC.
Both machine papers and handsheet samples responded similarly to corrugating when
introduced at the same elastic conditions. The machine paper and handsheet data
covered the scatter plot in a similar fashion.
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The orthotropic nature of paper results in variations in the elastic properties in the three
principle directions within the sheet (in-plane MD and CD) and out-of-plane (ZD). The
ultrasonic velocity method is an excellent non-intrusive method to determine the elastic
properties in each of the principle directions for a variety of paper grades. These moduli
can then be related to compressive properties and to bonding levels in the sheet.
Relationships have been developed between elastic properties and processing conditions
such as refining and pressing and furnish characteristics. Thus the elastic properties can
provide important diagnostic information on the effects of process and furnish on
compressive strength.
The ultrasonic method relies on the transmission of high frequency sound waves through
the sheet The elastic stiffness is directly related to the speed of propagation of the wave.
The device returns the velocity of sound, v, between two points. The device actually
determines the time elapsed for the signal to reach the detector. Knowing the distance
between the emitter and the detector and the time, it is possible to determine the velocity.
v= caliper (4)
time
The specific modulus, E, in the direction of the wave is equal to the square of the sonic
velocity in that direction.
E = ((5)
The method requires an accurate determination of the sheet caliper in order to determine
the local density of the sheet. The local density is equal to the average basis weight
divided by the local caliper.
p W= (6)
caliper
The modulus, E (GPa), is equal to the specific modulus multiplied by the sheet density.
E= pE
The modulus expressed in terms of time, basis weight and caliper is then given by
E = caliperBW (8)
tinge
Thus, it is essential to accurately determine the local sheet caliper. The current methods
are all calibrated or designed for a perfectly flat surface. The typical wavelength is on the
order of 5 cm. Thus the sonic waves are much longer than the typical waves of the flute.
The current probes are not designed to measure elastic properties of fluted sheets. It
isn't clear that ultrasonic technology could be developed to measured the in-plane
properties of fluted medium because the geometry is so complex and non-planar.
However, it may be possible to measure the transverse modulus at various locations
along the flute using existing ultrasonic techniques. Strength loss has been shown to
decrease with increasing transverse modulus.
(7)
APPENDIX B
Evaluation of Corrugating Mediums by the FLUTED EDGE CRUSH TEST
The Fluted Edge Crush Test was performed along the basic procedures as listed in the
TAPPI Method T-824 with some major exceptions. The final test was run the same even
though the modifications made to the test required that the fluted specimens be prepared
in a different manner. The test method described below was developed by Carl Smith
at the Institute.
TAPPI Method T-824 specifies a precut specimen, 0.500 inches CD by 6.00 inches MD.
This specimen is then fluted in a Concora Medium Fluter, placed in the Stiffness Holder,
and crush tested in 3 sec. or less. The method as modified and described in the following
paragraphs basically takes a test sample from a corrugated unbonded medium sample
that has been fluted in a conventional corrugator, and by means of a special sample
cutter and test fixture can produce a test result similar to that described in T-824. The
sample cutter and test fixture were modified to have the same flute profile as that used
in the corrugator.
Preparation of the Unbonded Fluted Medium
Sample rolls of medium were corrugated on the IPST Single-Facer in the conventional
manner. The adhesive application was modified so the center 6 inch portion of the
adhesive roll used to apply the adhesive to the flute tips would be void of adhesive. A
scraper was installed to physically remove any adhesive from the roll in this area at any
time during the corrugating process. This resulted in single-face board with bonding only
at the extreme outer edges of the flutes. At the same time the "scraper" was used, a
crayon mark was made on the outside of the single-face liner to enable the operator to
locate the unbonded samples at the termination of the corrugating run. Both machine
paper (rolls as received from the mills) and handsheets (Formette sheets spliced into a
roll large enough to be run on the corrugator) were corrugated with the unbonded areas
present.
Several corrugating conditions were used in the fluting of the mediums on the corrugator.
Not all conditions resulted in usable test sample. The higher corrugating speed in
conjunction with reduced medium preconditioning tended to result in insufficient bonding
and a loss of flute retention. The board produced must be fully bonded along either
edge. If not, the flutes will try to flatten out. This will not allow the use of the special
specimen cutting apparatus.
Modification of the H&D Test Fixture
The H&D Stiffness test fixture was modified to incorporate a new contoured clamping
rack. This flute contour was designed to be the same contour a the C-flute rolls presently
in the IPST Single-Facer.
In addition a similar set of fluted racks were made up to the same contour only of
hardened steel and 0.500 inches wide by about 6 inches long. This was to be used for
cutting and trimming the test specimen to the final size prior to testing.
Cutting and Testing the Fluted Medium
The samples of corrugated board were cut into pieces about 6 inches long in the MD. A
sharp knife was used to cut away the unbonded section of the liner. The exposed
corrugations were then clamped on either side by the fluted racks and placed in an
alignment fixture.
Using a special support to allow the positioning of these 0.500 inch wide fluted racks,
they were placed on either side of the fluted and unbonded medium so that a sharp
blade could be used to trim all medium from the outside of the clamped area.
When cut to the test size, the specimen was removed from the fixture and placed
immediately in the stiffness holder. A compression load was applied to the edges of the
flutes and the failure load noted.
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Handsheet Conditions, Paper Properties
Corrugating Conditions and Strength Retention
---------------------------- Forming* Method=hand -----------------
(continued)
OBS MD Tensile CD Tensile MD TEA CD TEA
1 6.8700 0.7754 78.20 11.600
2 6.8700 0.7754 78.20 11.600
3 6.8700 0.7754 78.20 11.600
4 6.8700 0.7754 78.20 11.600
5 6.8700 0.7754 78.20 11.600
6 6.8700 0.7754 78.20 11.600
7 6.8700 0.7754 78.20 11.600
8 6.8700 0.7754 78.20 11.600
9 6.2050 0.6863 70.79 10.280
10 6.2050 0.6863 70.79 10.280
11 6.2050 0.6863 70.79 10.280
12 6.2050 0.6863 70.79 10.280
13 6.2050 0.6863 70.79 10.280
14 6.2050 0.6863 70.79 10.280
15 6.2050 0.6863 70.79 10.280
16 6.2050 0.6863 70.79 10.280
17 6.7800 0.7189 68.44 10.205
18 6.7800 0.7189 68.44 10.205
19 6.7800 0.7189 68.44 10.205
20 6.7800 0.7189 68.44 10.205
21 6.7800 0.7189 68.44 10.205
22 6.7800 0.7189 68.44 10.205
23 6.7800 0.7189 68.44 10.205
24 6.7800 0.7189 68.44 10.205
25 7.6630 0.8455 97.92 12.310
26 7.6630 0.8455 97.92 12.310
27 7.6630 0.8455 97.92 12.310
28 7.6630 0.8455 97.92 12.310
29 7.6630 0.8455 97.92 12.310
30 7.6630 0.8455 97.92 12.310
31 7.6630 0.8455 97.92 12.310
32 7.6630 0.8455 97.92 12.310
33 4.3620 0.3440 21.44 4.080
34 4.3620 0.3440 21.44 4.080
35 4.3620 0.3440 21.44 4.080
36 4.3620 0.3440 21.44 4.080
L
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Handsheet Conditions, Paper Properties
Corrugating Conditions and Strength Retention






















































































































































Handsheet Conditions, Paper Properties
Corrugating Conditions and Strength Retention














































































































































































































































































Handsheet Conditions, Paper Properties
Corrugating Conditions and Strength Retention
---------------------------- Forming* Method=hand ------------------
(continued)
Shear Poisson MD CD
Modulus Ratio Ring Crush Ring Crush MD STFI CD STFI
OBS GPa CD/MD lb/6 in lb/6 in lb/6 in. lb/6 in.
37 0.620 0.49 41.40 29.30
38 0.620 0.49 41.40 29.30
39 0.620 0.49 41.40 29.30
40 0.620 0.49 41.40 29.30
41 0.645 0.46 52.05 29.20
42 0.645 0.46 52.05 29.20
43 0.645 0.46 52.05 29.20
44 0.645 0.46 52.05 29.20
45 0.645 0.46 52.05 29.20
46 0.645 0.46 52.05 29.20
47 0.645 0.46 52.05 29.20
48 0.645 0.46 52.05 29.20
49 0.975 0.43 70.45 47.95
50 0.975 0.43 70.45 47.95
51 0.975 0.43 70.45 47.95
52 0.975 0.43 70.45 47.95
53 0.975 0.43 70.45 47.95
54 0.975 0.43 70.45 47.95
55 0.975 0.43 70.45 47.95
56 0.975 0.43 70.45 47.95
57 0.903 0.39 68.70 57.00
58 0.903 0.39 68.70 57.00
59 0.903 0.39 68.70 57.00
60 0.903 0.39 68.70 57.00
61 0.903 0.39 68.70 57.00
62 0.903 0.39 68.70 57.00
63 0.903 0.39 68.70 57.00
64 0.903 0.39 68.70 57.00
65 0.760 0.50 58.95 38.65
66 0.760 0.50 58.95 38.65
67 0.760 0.50 58.95 38.65
68 0.760 0.50 58.95 38.65
69 0.760 0.50 58.95 38.65
70 0.760 0.50 58.95 38.65
71 0.760 0.50 58.95 38.65
72 0.760 0.50 58.95 38.65
Project Database
Handsheet Conditions, Paper Properties
Corrugating Conditions and Strength Retention
--------------------------- Forming* Method=hand ----------
(continued)
Model 1
Ratio of Pred. Ratio of
Fluted Fluted Ratio of Fluted
Edge Crush Edge Crush Edge Crush Edge Crush
OBS lb/6 in. to CD RC to CD RC to CD STFI
37 22.30 0.76 0.75
38 20.10 0.69 0.75
39 22.90 0.78 0.75
40 22.90 0.78 0.75
41 24.19 0.83 0.75
42 23.63 0.81 0.75
43 26.20 0.90 0.87
44 23.90 0.82 0.87
45 20.70 0.71 0.75
46 18.10 0.62 0.75
47 25.80 0.88 0.87
48 22.60 0.77 0.87
49 49.00 1.02 0.97
50 47.02 0.98 0.97
51 46.30 0.97 0.97
52 48.00 1.00 0.97
53 51.00 1.06 1.05
54 47.50 0.99 1.05
55 49.80 1.04 1.05
56 48.50 1.01 1.05
57 56.51 0.99 0.95
58 55.87 0.98 0.95
59 48.20 0.85 0.95
60 48.80 0.86 0.95
61 53.70 0.94 1.03
62 54.90 0.96 1.03
63 53.90 0.95 1.03
64 54.60 0.96 1.03
65 35.17 0.91 0.83
66 34.50 0.89 0.83
67 31.90 0.83 0.83
68 31.60 0.82 0.83
69 38.20 0.99 0.93
70 35.50 0.92 0.93
71 36.90 0.95 0.93
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Handsheet Conditions, Paper Properties
Corrugating Conditions and Strength Retention









































































































































































































































































Handsheet Conditions, Paper Properties
Corrugating Conditions and Strength Retention
----------------------- Forming* Method=hand ----------------
(continued)
MD Hygro. MD Hygro. CD Hygro. CD Hygro.








80 no-wax 0.176 0.382 0.310 0.708
81 no-wax 0.176 0.382 0.310 0.708
82 wax 0.176 0.382 0.310 0.708
83 wax 0.176 0.382 0.310 0.708
84 no-wax 0.176 0.382 0.310 0.708
85 no-wax 0.176 0.382 0.310 0.708
86 no-wax 0.176 0.382 0.310 0.708
87 no-wax 0.176 0.382 0.310 0.708
88 no-wax 0.169 0.365 0.235 0.539
89 no-wax 0.169 0.365 0.235 0.539
90 wax 0.169 0.365 0.235 0.539
91 wax 0.169 0.365 0.235 0.539
92 no-wax 0.169 0.365 0.235 0.539
93 no-wax 0.169 0.365 0.235 0.539
94 no-wax 0.169 0.365 0.235 0.539
95 no-wax 0.169 0.365 0.235 0.539
96 no-wax 0.143 0.287 0.268 0.590
97 no-wax 0.143 0.287 0.268 0.590
98 wax 0.143 0.287 0.268 0.590
99 wax 0.143 0.287 0.268 0.590
100 no-wax 0.143 0.287 0.268 0.590
101 no-wax 0.143 0.287 0.268 0.590
102 no-wax 0.143 0.287 0.268 0.590
103 no-wax 0.143 0.287 0.268 0.590
104 no-wax 0.140 0.287 0.292 0.675
105 no-wax 0.140 0.287 0.292 0.675
106 wax 0.140 0.287 0.292 0.675
107 wax 0.140 0.287 0.292 0.675
108 no-wax 0.140 0.287 0.292 0.675
Project Database
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Handsheet Conditions, Paper Properties
Corrugating Conditions and Strength Retention
















































































































































































































































































Handsheet Conditions, Paper Properties
Corrugating Conditions and Strength Retention




































































































































































































Handsheet Conditions, Paper Properties
Corrugating Conditions and Strength Retention
---------------------------- Forming* Method=hand-----------------
(continued)







79 . . .
80 6.639 2.304 92.89 52.245
81 6.639 2.304 92.89 52.245
82 6.639 2.304 92.89 52.245
83 6.639 2.304 92.89 52.245
84 6.639 2.304 92.89 52.245
85 6.639 2.304 92.89 52.245
86 6.639 2.304 92.89 52.245
87 6.639 2.304 92.89 52.245
88 7.750 2.643 106.00 67.070
89 7.750 2.643 106.00 67.070
90 7.750 2.643 106.00 67.070
91 7.750 2.643 106.00 67.070
92 7.750 2.643 106.00 67.070
93 7.750 2.643 106.00 67.070
94 7.750 2.643 106.00 67.070
95 7.750 2.643 106.00 67.070
96 10.630 3.100 158.50 68.080
97 10.630 3.100 158.50 68.080
98 10.630 3.100 158.50 68.080
99 10.630 3.100 158.50 68.080
100 10.630 3.100 158.50 68.080
101 10.630 3.100 158.50 68.080
102 10.630 3.100 158.50 68.080
103 10.630 3.100 158.50 68.080
104 10.630 3.097 158.50 68.080
105 10.630 3.097 158.50 68.080
106 10.630 3.097 158.50 68.080
107 10.630 3.097 158.50 68.080
108 10.630 3.097 158.50 68.080
I
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Handsheet Conditions, Paper Properties
Corrugating Conditions and Strength Retention
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Handsheet Conditions, Paper Properties
Corrugating Conditions and Strength Retention
-__________----------------- Forming* Method=hand -----
(continued)
OBS MD Tensile CD Tensile MD TEA CD TEA
109 10.630 3.097 158.50 68.08
110 10.630 3.097 158.50 68.08
111 10.630 3.097 158.50 68.08
112 11.720 3.360 166.10 78.13
113 11.720 3.360 166.10 78.13
114 11.720 3.360 166.10 78.13
115 11.720 3.360 166.10 78.13
116 11.720 3.360 166.10 78.13
117 11.720 3.360 166.10 78.13
118 11.720 3.360 166.10 78.13
119 11.720 3.360 166.10 78.13
120 12.900 3.715 194.00 73.25
121 12.900 3.715 194.00 73.25
122 12.900 3.715 194.00 73.25
123 12.900 3.715 194.00 73.25
124 12.900 3.715 194.00 73.25
125 12.900 3.715 194.00 73.25
126 12.900 3.715 194.00 73.25
127 12.900 3.715 194.00 73.25
128 4.681 1.891 29.07 21.77
129 4.681 1.891 29.07 21.77
130 4.681 1.891 29.07 21.77
131 4.681 1.891 29.07 21.77
132 4.681 1.891 29.07 21.77
133 4.681 1.891 29.07 21.77
134 4.681 1.891 29.07 21.77
135 4.681 1.891 29.07 21.77
136 5.630 2.294 41.80 28.08
137 5.630 2.294 41.80 28.08
138 5.630 2.294 41.80 28.08
139 5.630 2.294 41.80 28.08
140 5.630 2.294 41.80 28.08
141 5.630 2.294 41.80 28.08
142 5.630 2.294 41.80 28.08
143 5.630 2.294 41.80 28.08
144 7.791 3.375 72.33 53.15
Project Database
Handsheet Conditions, Paper Properties
Corrugating Conditions and Strength Retention





































































































































































































































Handsheet Conditions, Paper Properties
Corrugating Conditions and Strength Retention
--------------------------- Forming* Method=hand ----------------
(continued)
MD Hygro. MD Hygro. CD Hygro. CD Hygro.
OBS LUB at 75.5% RH at 93.4% RH at 75.5% RH at 93.4% RH
145 no-wax 0.160 0.335 0.453 1.060
146 wax 0.160 0.335 0.453 1.060
147 wax 0.160 0.335 0.453 1.060
148 no-wax 0.160 0.335 0.453 1.060
149 no-wax 0.160 0.335 0.453 1.060
150 no-wax 0.160 0.335 0.453 1.060
151 no-wax 0.160 0.335 0.453 1.060
152 no-wax 0.171 0.380 0.331 0.722
153 no-wax 0.171 0.380 0.331 0.722
154 wax 0.171 0.380 0.331 0.722
155 wax 0.171 0.380 0.331 0.722
156 no-wax 0.171 0.380 0.331 0.722
157 no-wax 0.171 0.380 0.331 0.722
158 no-wax 0.171 0.380 0.331 0.722








167 no-wax . . .
168 no-wax 0.183 0.405 0.374 0.836
169 no-wax 0.183 0.405 0.374 0.836
170 wax 0.183 0.405 0.374 0.836
171 wax 0.183 0.405 0.374 0.836
172 no-wax 0.183 0.405 0.374 0.836
173 no-wax 0.183 0.405 0.374 0.836
Project Database
Handsheet Conditions, Paper Properties
Corrugating Conditions and Strength Retention
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Handsheet Conditions, Paper Properties
Corrugating Conditions and Strength Retention
























































































































































Handsheet Conditions, Paper Properties
Corrugating Conditions and Strength Retention



































































































































Handsheet Conditions, Paper Properties
Corrugating Conditions and Strength Retention
































































































































































































Handsheet Conditions, Paper Properties
Corrugating Conditions and Strength Retention



















































































Handsheet Conditions, Paper Properties












































































































































































































































































Handsheet Conditions, Paper Properties
Corrugating Conditions and Strength Retention

























































































































































































































































Handsheet Conditions, Paper Properties
Corrugating Conditions and Strength Retention

























































































































































































Handsheet Conditions, Paper Properties
Corrugating Conditions and Strength Retention
____--------------------- Forming* Method=machine - ----------------
(continued)














187 7.170 3.25 69.76 74.75
188 7.170 3.25 69.76 74.75
189 7.170 3.25 69.76 74.75
190 7.170 3.25 69.76 74.75
191 7.170 3.25 69.76 74.75
192 7.170 3.25 69.76 74.75
193 7.170 3.25 69.76 74.75
194 7.170 3.25 69.76 74.75
195 7.170 3.25 69.76 74.75
196 7.170 3.25 69.76 74.75
197 7.170 3.25 69.76 74.75
198 7.170 3.25 69.76 74.75
199 6.930 2.86 70.72 56.98
200 6.930 2.86 70.72 56.98
201 6.930 2.86 70.72 56.98
202 6.930 2.86 70.72 56.98
203 6.930 2.86 70.72 56.98
204 6.930 2.86 70.72 56.98
205 6.930 2.86 70.72 56.98
206 6.930 2.86 70.72 56.98
207 6.930 2.86 70.72 56.98
208 6.930 2.86 70.72 56.98
209 6.930 2.86 70.72 56.98
Project Database
Handsheet Conditions, Paper Properties















































































Handsheet Conditions, Paper Properties
Corrugating Conditions and Strength Retention
----- ___________---------- Forming* Method=machine--------------
(continued)
MD Hygro. MD Hygro. CD Hygro. CD Hygro.













222 no-wax . .
Project Database
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Handsheet Conditions, Paper Properties
Corrugating Conditions and Strength Retention
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Handsheet Conditions, Paper Properties
Corrugating Conditions and Strength Retention
__----------------------- Forming* Method-machine ----------------
(continued)
OBS MD Tensile CD Tensile MD TEA CD TEA
210 6.930 2.86 70.72 56.98
211 6.522 2.82 62.44 50.46
212 6.522 2.82 62.44 50.46
213 6.522 2.82 62.44 50.46
214 6.522 2.82 62.44 50.46
215 6.522 2.82 62.44 50.46
216 6.522 2.82 62.44 50.46
217 6.522 2.82 62.44 50.46
218 6.522 2.82 62.44 50.46
219 6.522 2.82 62.44 50.46
220 6.522 2.82 62.44 50.46
221 6.522 2.82 62.44 50.46













































































































































































Pearson Correlation Coefficients / Prob >





































































































































































































































































Measured vs. Predicted Converting Ratio
Model 1
General Linear Models Procedure
Class Level Information
Number of observations in data set = 222








































































































































































Measured vs. Predicted Converting Ratio
Model 1
General Linear Models Procedure
NOTE: The X'X matrix has been found to be singular and a generalized inverse
was used to solve the normal equations. Estimates followed by the










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































* Observation was not used in this analysis
Sum of Residuals
Sum of Squared Residuals
Sum of Squared Residuals - Error SS
Press Statistic
First Order Autocorrelation
Durbin-Watson D
0.00000000
1.40517927
-0.00000000
1.50044918
0.51121108
0.96962180
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
I
5 0602 o1556
